The indirect suppression of recB-and recB-recC-mutations by the sbcB-allele is caused by the loss of a nuclease active on denatured DNA. Results from enzyme purifications and studies with a specific antiserum demonstrate that the activity present in sbcB+ strains, and lost in sbcB-strains, is exonuclease I. It is likely that sbcB is the structural gene for exonuclease I. The loss of exonuclease I activity restores the recombination proficiency of Escherichia coli cells that has been lost by mutations in the recB and/or recC genes. This indicates that in the absence of the recB-recG-determined enzyme, exonuclease I prevents recombination. Hypothetical pathways illustrating this conclusion are presented.
The ability of recB-or recC-mutants of Escherichia coli to carry out significant residual amounts of recombination (1, 2) has suggested the presence of a second pathway independent of the recB+ and recC+ cistrons (3). The product or products of these cistrons have been shown to constitute an ATP-dependent endonuclease and exonuclease (4) (5) (6) (7) . Recently Barbour and coworkers have isolated Rec+ revertants from recBrecC+, recB+recC-, and recB-recC-strains of E. coli K12 that have regained recombinational proficiency because of indirect suppression (3). Recombinational frequencies for both conjugation and transduction are similar to those obtained from wild type strains (Templin and Clark, unpublished results) . Two genetically and phenotypically distinct classes of such indirectly suppressed revertants have been found. In the class characterized by sbcA mutations, an ATP-independent exonuclease has appeared (3). This enzyme may act as an analog of the ATP-dependent exonuclease and restore the function of the recB+ and recC+-mediated pathway.
The MATERIALS AND METHODS
Strains
The experiments described were performed on revertants and transductants from four distantly related strains of E. coli K12. One of the parent strains (8) is characterized by a mutation abolishing endonuclease I activit3, a second (AB1157)
by its multiple mutations to auxotrophy, and a third by its Su-phenotype. This strain was derived by various mutational and transductional steps from W3110tryE-98geu-,,t,, which was obtained from David Mount. The fourth strain was a derivative of the Hfr, KL16, and has been described (9). E. coli B (AB295) was also used in certain control experiments. Nomenclature conforms in most ways to the recommendations of Demerec et al. (10) except that the minus sign is used with the gene symbol to indicate a general mutant allele when the specific allele number is not required. The gene symbols are those recorded by Taylor and Trotter (11) with the exception of sbc, which stands for a set of genes involved in the indirect suppression of recB21 or recC22. Phenotypic abbreviations are as follows: Rec, recombination; UV, ultraviolet irradiation; Mit, mitomycin; "-", requiring when used with abbreviations of amino acids, and deficient when used with Rec; +, independence when used with abbreviations of amino acids and proficient when used with Rec; R, resistance; S, sensitivity. 82P-labeled E. coli B DNA was prepared by the method of Lehman (12) . Scintillation fluid was made according to a formula listed by Clark et at. (13) .
Methods
The procedures and media for conjugational and transductional crosses and for the discrimination of Rec-from Rec+ strains have been described previously (9, 14, 15) . ATP-dependent and ATP-independent nucleases were assayed as described by Barbour et al. (3, 6 (6) Rec+ revertants were obtained from recB-and recB-recCderivatives of AB1157 by treatment either with ethyl methane sulfonate or with N-methyl-N'-nitro-N-nitrosoguanidine as described (3). A genetic analysis of eight of these revertants showed them to have become both Rec+ and UVR (Table 1) . In addition, they also lacked the ATP-dependent nuclease that is associated with the recB and recC genes, and had low levels of the ATP-independent nuclease activity. This group of indirectly suppressed rec mutants carries sbcB mutations that are 30-50% cotransducible with his (Templin and Clark, unpublished results). A survey of these strains for various enzymatic activities showed that all eight mutants were lacking an enzyme that degraded single-stranded DNA. Exonuclease I, which has been well characterized by Lehman and coworkers (12, 17) , degrades single-stranded DNA exclusively. Crude lysates of E. coli B (AB295), the strain from which the enzyme was purified and characterized, and AB1157, the parent strain of the Rec+ revertants, contained identical levels of exonuclease I activity. On the other hand, all the sbcB-Rec+ revertants showed an apparent 3-to 5-fold drop in specific activity ( Table 1) .
Characteristics of the sbcB mutation P1 lysates were made from a his+ mutant of JC7623 that carried the sbcB16 allele. his-derivatives of strains with various genetic backgrounds were transduced with the above lysate, and His+ transductants were selected. The presence or absence of sbcBl5 was determined by making P1 lysates from a number of these transductants, crossing them with a hisrecB-recC-sbcB-strain, and testing the His+ transductants for the presence or absence of recombination proficiency. In this manner, sets of strains, approximately isogenic except for the sbcB allele, were constructed in four different genetic backgrounds. In all cases the presence of sbcB16 resulted in an Table 2 , the strain homozygous for sbcB+ contained over twice as much enzymatic activity, while the heterozygote (sbcB+/sbcBl5) showed normal amounts of exonuclease I-type activity and was phenotypically Rec-. This indicated that sbcB+ is dominant and is directly related to the presence of high levels of single-stranded nuclease activity.
Effect of exonuclease I antiserum on nuclease activity
The inactivation of single-stranded activity in crude lysates by antiexonuclease I serum was tested in several strains including AB295, which was the source of the antigen. In both AB295 and AB1157, the presence of saturating amounts of antiserum produced a 65-70% decrease in nuclease activity, while in the case of JC7623, the sbcB15 mutant derived from AB1157, no decrease in the residual activity was detected (Table 3 ). These findings showed that the inactivation observed with AB295 and AB1157 was not related to a nonspecific interaction, but to a selective inactivation of exonuclease I. Therefore, the loss of activity observed in the various sbcB mutants shown in Tables 1 and 2 was probably due to the loss of exonuclease I, rather than to the loss of an exonuclease Itype of activity. It is also clear that the residual activity ob- 3.8 3.9 * The antiserum was titered against purified exonuclease I (DEAE-cellulose fraction, the gift of I. R. Lehman) by measuring the amount of inactivation observed during the course of the standard assay incubation (see Methods). The above results were obtained using the standard assay on Brij-58 lysates, with enough antiserum added to inactivate 15 units/ml of exonuclease I.
served in sbcB-strains may not result from a small amount of remaining exonuclease I, but rather from the presence of an additional enzyme. We are testing this possibility by trying to obtain deletion mutants of the sbcB gene.
Purification of exonuclease I Exonuclease I was purified from JC7688 and JC7689 according to the method of Lehman (17) with slight modifications to accommodate greatly reduced working volumes. The results of these simultaneous purifications, which are summarized in Table 4 , clearly show the loss of exonuclease I in the sbcBl5 strain. A ratio of the exonuclease I specific activities is determined by dividing that of JC7688 (sbcB+) by that of JC7689 (sbcB15). This number increases from 4.2 to 27.8 during the course of the purification. The residual activity present in the fractions of JC7689. which correspond to those containing the exonuclease I from JC7688, may result from the presence of another single-stranded nuclease activity that copurifies to some extent with exonuclease I. The fact that the ratio of specific activities increases seems to indicate the presence of a second enzyme, but a small amount of remaining exonuclease I cannot be ruled out.
Properties of the exonuclease I purified from JC7688
The activity purified from JC7688 exhibits properties identical to those reported by Lehman for exonuclease I (12). It has a pH optimum between pH 9.2 and 9.8 (0.07 M glycine buffer). In the absence of Mg++ (lO-3-10-2 M 10-20% of the maximal activity was detected. EDTA (2.0 X 10-2 M) completely eliminated this residual activity. Mn++ inhibited enzymatic activity, while Zn++ (2.0 X 10-4 M) gave 40% of maximal activity.
DISCUSSION
The indirect suppression of recB-and recB-recC-mutations by sbcB mutations appears to be directly related to the loss of exonuclease I activity. The sbcB mutations could either alter the structural gene for exonuclease I or result in the production of some enzymatic inhibitor. The fact that no sharp increase in activity occurs in the sbcB15 strain during the course of the purification suggests that no inhibitor is being removed from the enzyme. Accordingly, sbcB may in fact be the structural gene for exonuclease I. It is interesting to speculate why the absence of exonuclease I stimulates a pathway of recombina- t The nuclease activity appeared in essentially the same fractions in both columns.
ion alternative to that in which the recB and recC products RecF Pathway is blocked by the presence of exonuclease I. are involved. The observed in vitro activity of the enzyme on
In the absence of this enzyme, the RecF Pathway accounts for 3'-hydroxylated, single-stranded DNA raises some possibilinormal levels of recombination because the required interties as to the nature of this pathway. If the assumption is mediate is no longer degraded. made that the in vivo properties of exonuclease I are similar to its in vitro properties, then in the absence of the ATP-de- 
